We have constructed mutations in what we predict
INTRODUCTION
When enteric bacteria such as Klebsiella pneumoniae, Salmonella typhimurium or Escherichia coli are deprived of ammonium, the product of the regulatory gene ntrC activates transcription of genes involved in the utilisation of poor nitrogen sources, such as atmospheric nitrogen and certain amino acids (for review see refs. 1 and 2). The promoters of these genes are characterised by the consensus sequence CTGG-N e -TTGCA at -25 to -11 from the transcription start, and typify a particular class of promoter which is recognised by the alternative sigma factor a 54 , the product of rpoN (also called ntrA or glnF; 3,4; for review see 5). When ammonium is limiting, the ntrB product (NtrB) phosphorylates the ntrC product (NtrC) to give the form which activates transcription, and conversely dephosphorylates it when ammonium is abundant (6) .
The two genes ntrBC form a complex operon with glnA, which encodes glutamine synthetase and is essential for the assimilation of ammonium under nitrogen limiting conditions (see 1, 2) .
The glnA-ntrBC operon includes three promoters, two at the start of glnA and one in the glnA-ntrB intergenic region. The downstream glnA promoter (glnAp2) is activated by NtrC, whereas the ntrB promoter and the upstream glnA promoter (glnApl) are recognised by o 7° and are both repressed by NtrC (7, 8, 9) . Transcription of ntrC is thus subject to autoregulation at several points. Analysis of the amino acid sequence of NtrC suggests that it comprises three domains (10) . The N-terminal domain probably interacts with NtrB, while the central domain may interact with RNA polymerase and/or a 54 , since it is strongly homologous to two other classes of a 54 -dependent activators, DctD of Rhizobium leguminosarum and NifA from a variety of diazotrophs (10, 11) . The C-terminal domain likewise shows homology to NifA and DctD, and contains a helix-turn-helix DNA-binding motif (12) which is present in all sequences available for this class of protein (10,11 and refs. therein) , and forms the subject of the present study. Footprinting of promoters repressible by NtrC in the enteric bacteria suggests the consensus binding site TGCAC-N 7 -GTGCA (3, 13, 14) . The palindromic nature of this site presumably reflects the dimeric structure of the protein in solution (4) . NtrC binds strongly to such a sequence overlapping glnApl, and to a similar site 32 bp further upstream. In E. coli these sites have been shown to be necessary for efficient activation of the glnAp2 promoter more than 100 bp downstream (15) , and resemble enhancers in being effective even when placed 1800 bp upstream or placed downstream from the transcription start (16) . Between the two glnA promoters, footprinting reveals sites that bind NtrC more weakly, which have reduced spacing between half sites. Recently, two weak NtrC binding sites have also been demonstrated about 150 bases upstream from the ni fLA promoter in K. pneumoniae, which is activated by NtrC. In each of these the second half site is very poorly conserved (17, 18) .
Transcriptional activation by K. pneumoniae NifA, which binds to the upstream activator sequence of nif promoters, appears to involve looping of the DNA between the promoter and the binding site so as to bring the activator close to the transcription complex (19) , and in view of the homologies between the two proteins, the same is probably true of activation by NtrC. Recently, NtrC has been shown to stimulate formation of the transcriptional open complex rather than enhance the initial binding of a S4 -RNA polymerase (16) .
Although there are no crystallographic data for NtrC, it is possible to identify residues likely to make specific contacts with nucleotides in the major groove of the recognition sequence by comparison with regulatory proteins (or isolated domains thereof) which contain the helix-turn-helix DNA-binding motif and whose tertiary structure has been solved. These include trp repressor (20) , lambda repressor (21), cro (22) , CAP (23) and 434 repressor (24) . Contact residues occur in the second helix of the DNA-binding motif, which is therefore termed the recognition helix. We have studied the effects on transcriptional regulation of mutations in the recognition helix of NtrC. Our results confirm that we have correctly identified the DNA-binding motif of NtrC and show that it recognises the upstream sites in the nifL promoter. Similar conclusions have been reached with NifA, using rn vivo footprinting of the nifH promoter (Morett and Buck, in preparation). Our data also indicate that NtrC binds co-operatively to the sites in the nifL promoter.
MATERIALS AND METHODS

Mutaqenesis
Point mutations were introduced into the recognition helix of NtrC, making use of the unique Mlul site in the ntrC plasmid pPWl43 (10) . Plasmid DNA was cleaved and treated with sodium bisulphite as described by Shortle and Nathans (25) , except that the mutagenesis was carried out in capillary tubes sealed under nitrogen and the reaction stopped after 2 h by desalting on a Sephadex G25 minicolumn equilibrated with 0.5 mM hydroquinone. Following precipitation, the DNA was ligated and transformed into the ung~ strain E. coli K58, which lacks the ability to correct the potentially mutagenic conversion of thymine to uracil. Plasmid DNA from individual colonies was screened for loss of the Mlul site. Grosser mutations were generated by filling in the Mlul site with Klenow polymerase and religating. Plasmid construction
The K. pneumoniae glnA-ntrBC structural genes were cloned into pMD220, a Cm-resistant derivative of pACYC184 (26) carrying the lac promoter and the alpha-complementing fragment of lacZ, with a novel cluster of unique restriction sites inserted at the fifth codon (Drummond, in preparation) . The glnA fragment extended from the SnaBI site 19 bp downstream from the glnAp2 transcription start (7) to the Sstll site 14 bp past the stop codon, while ntrBC was assembled in two sections from the Bspl286 site 7 bp downstream from the ntrB transcription start (27) to the Hindlll site just past the ntrC stop codon in pPWl43 (10) . The Pvul site in lacZ was removed by filling in with Klenow polymerase and religating. The final construct, pCC13, contained a transcriptional unit of the form plac-glnA-ntrBC, but lacked all those sequences to which NtrC normally binds. The copy number of this plasmid is sufficient to titrate lac repressor to the point that uninduced expression from the lac promoter gives an Ntr + phenotype.
Mutant derivatives of pPWl43, a pEMBL8-based construct (28) were sequenced from the Hindlll site to the Pvul site within ntrC, in order to identify changes at the Mlul site and to check for possible secondary mutations elsewhere. The 203 bp PvulHindlll fragment was then substituted into pCC13. g-galactosidase assays
These were carried out essentially as described by Drummond e_t a_l. (31) , cells being grown anaerobically in NFDM + 250 */g/ml glutamine at 30°C, in the absence of IPTG and with or without ammonium sulphate at 2 mg/ml. Fusion plasmids are as shown in Table 1 .
RESULTS
The presumptive DNA recognition helix of NtrC was mutagenised as described above and introduced into a transcriptional unit of the form glnA-ntrBC from which both glnA promoters had been removed and replaced by the lac promoter. The ntrBC promoter and the transcription stop at the end of glnA were also deleted. By eliminating autoregulation in this way we ensured that comparable amounts of the regulatory proteins were synthesised in mutant strains. Including glnA in the construct pCC13 pCC14 pCC15 pCC16 pCC17 pCC18 pCC19 pCC20 Fig. 1 . Mutations in the presumptive DNA-recognition helix of NtrC (boxed residues). A third amino acid substitution, Gly417->Ala, as well as the two in the helix-turn-helix motif, is present in pCC16.
enabled us to examine modulation of NtrC activity in an glnA-ntrBC deletion background, the assimilation of ammonium being necessary to generate the signal for NtrC inactivation.
All the mutations used ( Fig. 1 ) were produced by bisulphite mutagenesis except that of pCC18, in which imperfect filling in of the Mlul site introduced a Pro codon between residues 5 and 6 of the recognition helix ( Fig. 1) . Surprisingly, the commonest class of mutation produced by bisulphite mutagenesis was a 6 bp deletion removing residues 5 and 6 of the recognition helix (pCC15). We do not understand how this occurred, but suggest that it resulted from instability of the sequence ATATATA, generated by transitions in all four central nucleotides of the Mlul site (ACGCGT). A deletion of 5 bp was also observed (pCC19) which truncates the recognition helix by bringing a stop codon into frame immediately after residue 4 (Leu459). The other lesions were point mutations, resulting in the amino acid substitutions shown in Fig. 1 . In the case of pCC16, point mutations were also found outside the central residues of the Mlul site, giving Gly455->Asp in the turn of the bihelical motif, and Gly417->Ala towards the N-terminus of the DNA-binding domain.
The effect of these mutations on transcription from various promoters regulated by NtrC was measured in E. coli ET8894, which carries a glnA-ntrBC chromosomal deletion and lacZ::IS1 (30), using lacZ fusion plasmids ( Table 1) . The low-copy plasmid pJAC20 (7) carries K. pneumoniae glnApl transcriptionally fused to lacZ at the Dral site just upstream from glnAp2, and contains all the NtrC binding sites present in this region. The plasmid pSMll (29) is a K. pneumoniae s.
Dixon (7) Merrick (29) Dixon (7) Minchin (17) Minchin (17) Minchin (17) Minchin (17) Minchin (17) Table 1. Fusions of lacZ to K^. pneumoniae Ntr-regulated promoters. All are Cb-resistant. Low copy fusions are based on a modified Rl replicon present at one copy per genome equivalent in the conditions described here (7). High copy fusions are based on the pBR322 replicon.
ntrB-lacZ translational fusion and has the pBR322 copy number. Both these NtrC-repressible promoters gave similar results (Table 2) . When wild-type ntrC was present, (3-galactosidase activity was reduced at least 10-fold, whether or not ammonium was present. Most of the mutant plasmids, on the other hand, failed to repress transcription at all. However, pCCl7 and pCC20 reduced expression by about 50%, but only under nitrogen limitation.
Transcriptional activation was assayed using low-copy translational fusions to K. pneumoniae glnAp2 and the nifLA promoter. The glnAp2 fusion, pRD577 (7), lacks all the NtrC binding sites upstream from glnAp2, but can nevertheless be activated if NtrC is overproduced. The data in Table 2 show that all four NtrC point mutants activate pRD577 to about 20-25% of the level obtained with the wild-type, and that this activity is regulated in response to ammonium, whereas the grosser NtrC mutants failed to raise activity above the background level. The nifL-lacZ plasmid, pMS132 (17) contains the entire nifF-nifL intergenic region, including the recently described NtrC binding sites (18) . Only the two point mutants which retain some repressor activity (Thr460->Met and Arg461->His, pCC17 and pCC20) showed appreciable activation of the nifL promoter, to 20-30% of wild-type levels. Residual activation could be detected in the point mutants pCC14 and pCC16. Insertions or deletions within the recognition helix eliminated activation by the other plasmids, which gave the null phenotype and were therefore omitted from further experiments.
To ascertain whether the activation of the nifL-lacZ fusion observed with pCC17 and pCC20 was dependent on the presence of the NtrC binding sites in the intergenic region, or was due to a non-specific binding of mutant NtrC to upstream sequences, these measurements were repeated with various homologues of pMS132 (17) from which the binding sites had been deleted. No significant activity was observed with any of the NtrC mutants (data not shown). Minchin, Austin and Dixon (17) have constructed point mutations in both of the NtrC binding sites in the nifF-nifL intergenic region, and we also examined activation by the various NtrC proteins of these mutant nifL-lacZ fusions (Table 3) . These fusions carry C->T transitions at positions -148 and -169 relative to the nifL transcription start, separately and in combination. We found that while activation of the nifL promoter by pCC17 and pCC20 is much reduced by the -148 and -169 mutations, as is activation by wild-type NtrC (pCC13), activation by pCC16, carrying the triply mutant NtrC, is restored when both binding site mutations are present. 
DISCUSSION
In order to infer from these data how NtrC functions in the wild-type cell, one must be alert to the artefacts of the system. In particular, the intracellular concentrations of NtrB and NtrC are raised, probably more than 20-fold, and this must upset the stoichiometry of the pathway which transmits the regulatory signal of ammonium deficiency. This pathway originates with GlnD, which uridylylates GlnB when the intracellular glutamine/2-ketoglutarate ratio falls; when GlnB is uridylylated (or absent through mutation), NtrB activates NtrC. Thus, because the GlnB/NtrB ratio is much reduced in our system, the state of the NtrB pool will tend towards that of ammonium deprivation, causing NtrC to tend to repress qlnApl and the ntrB promoter, and activate glnAp2 and the nifLA promoter. Increasing the ratio of NtrC to its site(s) of interaction is likely to have a similar effect.
Interpreting the functional consequences of the NtrC mutations in terms of protein structure armed only with the NtrC amino acid sequence necessitates protein structure prediction and comparison. Using sequence homology (10) to superimpose the primary structure of the proposed recognition helix of NtrC onto a crystallographically based model of the bacteriophage 434 repressor (32) gives an indication of which residues are on the outer surface. These clearly include the Thr and Arg residues we have mutated (Fig. 2) . The recently described structure of the DNA-binding domain of 434 repressor bound to synthetic operator shows that glutamines at positions 1,2 and 6 of the recognition helix hydrogen bond to bases in the major groove (24) . This agrees with earlier evidence, based on model building and mutational studies, that residues at these positions determine the specificity of binding in a variety of regulatory proteins (for a summary of these data see ref. 33 ).
Other residues which contact the DNA backbone enable a protein to bind DNA non-specifically and make an important contribution to binding energy. The structure of the recognition helix is likely to be completely disrupted by the grosser mutations we have constructed. Deleting Thr460 and Arg461 (residues 5 and 6 of the recognition helix, pCC15) effectively rotates the C-terminal portion of the recognition helix through 200°, moving the hydrophilic face away from solvent, a very destabilising modification. Inserting the helix-breaking residue Pro between them (pCC18) is also likely to destroy helix structure, and removing the ten C-terminal residues of the protein (pCC19) will probably prevent nucleation of the remaining residues of the helix and expose a hydrophobic surface to solvent. It is thus improbable that any DNA-binding function remains in these mutants. Since they display the null phenotype (that of vector alone, Table 2 ), this might mean that some ability to bind DNA is essential for the function of NtrC, but alternatively the mutant proteins may be preferentially degraded and not reach effective concentrations in the cell.
Repression by NtrC Proteins
The data in Table 2 show that glnApl and the ntrB promoter are repressed by wild-type NtrC just as effectively in the absence of ammonium as in its presence, indicating that the intracellular concentrations of the regulatory proteins are sufficient for NtrC to saturate its binding sites regardless of regulatory signals (pCC13 x pJAC20, pCC13 x pSMll, Table 2 ). This contrasts with the results of MacFarlane and Merrick (5) who did observe nitrogen regulation of repression with pSMll, from which they concluded that phosphorylation of NtrC enhances its ability to bind to the operator. More recently it has been shown that phosphorylation does indeed enhance both specific and non-specific binding of NtrC to DNA iji vitro (16, Minchin, Austin and Dixon, in preparation).
All the NtrC point mutants are severely impaired in their ability to repress both the ntrB promoter (pSMll) and glnApl (pJAC20), indicating a reduced affinity for the respective operators. In pCC17 and pCC20, where there does seem to be some residual repressor function, a limited response to nitrogen can be observed.
Comparing pCC20 and pCC14 shows that substituting Arg461 with His has a less damaging effect on DNA-binding than Cys at the same position. The Arg461-»Cys mutation might disrupt helix structure and could conceivably result in the formation of a spurious disulphide bridge, but activation of glnAp2 by pCC14 argues against these possibilities. One might expect the substitution of Cys, a smaller side-chain, to result at worst in the loss of a single specific contact rather than obstructing close contact as is possible with a bulkier residue. An attractive explanation is that Arg461 makes a substantial but non-specific contribution to binding energy by relatively longrange ionic interaction with a phosphate of the DNA backbone, which is conserved in the Arg461->His mutation. This conflicts with Ebright's proposal (33) that residues at position 6 of the recognition helix invariably contact base pairs in the major groove, but is consistent with the presence of Lys rather than Arg at this position in NtrC from Rhizobium meliloti and Bradyrhizobium parasponiae, which may be expected to show the same recognition specificity. Positively charged residues occur very frequently at this position in other regulatory proteins. Activation by Wild-type NtrC and Point Mutants
In contrast with its behaviour at the repressible glnApl promoter, wild-type NtrC responds to nitrogen regulation in activating glnAp2 (pCC13 x pRD577, pCC13 x pJAC20, Table 2 ). This suggests that as well a increasing the affinity of NtrC for its upstream binding sites, phosphorylation may enhance a second aspect of activator function, possibly its role in open complex formation (16) .
Only those NtrC point mutants which appear to repress somewhat, pCC17 and pCC20, activate the nifL promoter (pMS132) to an appreciable extent, whereas pCC14 and pCC16 show a much lower though still significant activity. This suggests that some degree of specific DNA-binding is required for activation of the nifL promoter. All four point mutants, on the other hand, activated glnAp2 to roughly 25% of the level shown by wild-type NtrC (pRD577, Table 2 ). Reitzer and Magasanik (15) observed that the effect on glnAp2 transcription of deleting the upstream binding sites could be overcome to some extent by overproducing NtrC, and since pRD577 lacks these sites we conclude that the transcription we observe is similarly an effect of raised intracellular concentrations of the activator. Although the mutant proteins could in principle bind specifically to accidental occurrences of the appropriate binding sequences far upstream, it is unlikely that this would result in such similar activities. They could be a consequence of non-specific DNA-binding, but this is at variance with our postulate that Arg461->Cys impairs non-specific binding. Alternatively, neither specific nor non-specific upstream binding of the activator may be necessary if its concentration is high enough. The possibility of direct interaction with the transcriptional complex might be investigated using an i_n vitro transcription system with linear templates cleaved at points close to the promoter. Our data indicate that the nifL promoter shows a more stringent requirement for activator bound upstream than qlnAp2; earlier results (29) suggesting that upstream sites in the nifL promoter were not required were probably due to artefacts associated with use of a high-copy nifL-lacZ fusion. The difference between the two promoters probably reflects the physiological need for the glnA-ntrBC operon to be transcribed sooner after nitrogen deprivation and more strongly than the ni f regulon, nitrogen fixation being a metabolic strategy of last resort for K. pneumoniae. This rationale also explains why the upstream sites for glnAp2 bind NtrC orders of magnitude more tightly than those for the nifL promoter (33) . Table 3 summarises the effect on activation by the mutant NtrC proteins of C->T transitions in the nifL upstream sites. It is clear that both transitions together (pLDM4869) completely suppress the triple mutation encoded by pCC16. This demonstrates definitively the role of the C-terminal domain of NtrC in binding to upstream sequences. It also argues against binding of the activator to the downstream sequences, since no comparable C->T mutation was made in the -12,-24 region. Either Gly455->Asp or Gly414-»Ala must contribute towards the suppressor phenotype since Arg461->His alone (pCC20) does not restore wildtype levels of transcription in pLDM4869. The more likely candidate is Gly455->Asp in the turn between the two helices. There is no evidence in any other system that residues in this position contact base pairs in the recognition sequence, but it is well established from crystallographic and mutational data that the two adjacent residues, the first and second residues of the recognition helix, commonly make specific contacts with DNA which are responsible for recognition. The Gly455->Asp mutation in the turn, substituting a bulky negatively charged residue for a small uncharged one, is very likely to shift the charged side chain of Arg456, the first residue in the recognition helix, which may allow weak bonds to form to specific bases, replacing those disrupted by the transitions in the binding sites.
It is striking that the NtrC triple mutant gives no hint of suppression if only one of the binding sites is mutated (Table  3) .
This could mean either that both binding sites must be occupied to activate nifL transcription, or that binding to one site enhances the affinity of the second, i.e. binding is cooperative. Minchin, Austin and Dixon (17) have used footprinting to show that binding of wild-type NtrC to either site is indeed impaired by mutation of the other, supporting the latter possibility. Further evidence for cooperative binding comes from the observation that NtrC with only the Arg461-»His mutation (pCC20) activates both the wild-.type nifL fusion and the double transition, but shows no activity if only one of the binding sites is mutated (Table 3 ). This can be explained if recognition of the mutant binding site by the mutant protein requires the recognition helix to lie in the major groove at a slightly different angle from the wild-type, resulting in a small rotational shift of the NtrC dimer on the DNA and spoiling the interaction with the second dimer. Cooperativity would then be restored if the second dimer were also rotationally shifted.
The two nifL binding sites are 21 bases apart, putting the cooperating dimers on the same face of the helix. This spacing occurs between sites 3 and 4 of the ^. typhimurium glnA promoter, but nowhere else in the sequences available to us. However, in sites conforming closely to the TGCAC-N 7 -GTGCA consensus, the central base pairs are very AT rich, implying that some torsional deformation is necessary for NtrC binding, as has recently been described for the binding of 434 repressor to its operator (35) . If so, a slightly different spacing may be required for cooperative NtrC binding to such sites. On the other hand, the physiological function of cooperative binding at the nifL promoter may be to provide a sharp threshold for activation of nif transcription at relatively high concentrations of NtrC, and this may not be required at promoters which bind NtrC more tightly. recipient of EMBO short term fellowship ASTF 5293; we thank the Commission of the European Communities for current support.
